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ABSTRACT 

This work presents a detailed analysis of Cosmic Microwave Background 
(CMB) radiation intensity observations. The CMB is a relic of the Big Bang 
and its study greatly enhances our knowledge of cosmology. This work has led 
to new values for the best fit temperature 2.7356 ± 0.0038 K (95% CL) and 
the speed of our solar system relative to the CMB, and limits on the spectral 
distortion parameters: /i, y, and Iff. These in turn lead to tighter constraints on 
the thermal history and allowed energy release in the early universe and possible 
cosmological processes. These limits are approaching the order of magnitude 
required by known processes. 

Subject headings: cosmology: cosmic microwave background — cosmology: 
observations 
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1. Introduction 
1.1. The Cosmic Microwave Background Radiation 



Early nucleosynthesis calculations by Gamow, Alpher and Herman | 1988 | showed that, 
from the theory of a hot big bang, one can infer that a cosmic microwave background 
radiation (CMB) will be present today as a result of the primordial fireball. The spectrum 
was predicted to be of black body form with a temperature of a few Kelvin. In 1964 



Penzias and Wilson (1965)1 discovered the predicted relic radiation by measuring a universal 
"background noise" of about 3K. This discovery of the cosmic microwave background 
(CMB) led to the ascendancy of the hot big bang model of cosmology. 

Thermal equilibrium was easily reached in the early universe as a result of the high 
rate of interactions between matter and radiation due to the high density and temperature. 
The Planckian distribution is invariant under the universal expansion when expressed in 
dimensionless frequency x = hu/kT = hc/XkT. (After decoupling, the photon number 
is conserved, so the occupation number, n = 1/ (exp — l), and therefore x = -r^ is & 



constant for each quantum state.) Even when the matter and radiation are no longer in 
good thermal contact the Planckian shape is preserved. Therefore we expect the CMB 
spectrum to be Planckian today and, indeed, to a large extent it is. 

The CMB spectrum would have a blackbody form if the simple, hot. Big Bang model 
is a correct description of the early universe, but will be distorted from that form by energy 
release for a redshift z^3 x 10^ jSunyaev fc Zeldovich 1980 ]. Such releases might arise 



from decay of unstable particles, dissipation of cosmic turbulence and gravitational waves, 
breakdown of cosmic strings and other more exotic transformations. The CMB was the 
dominant energy field after the annihilation of positrons and the decoupling of neutrinos 
until z^3 X 10^. For energy release into the electron-proton plasma, between redshift of a 
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few times lO'^ and 10^ | Smoot et al. 198"8[] the number of Compton scatterings is sufficient 



to bring the photons into thermal equihbrium with the primordial plasma. During this 
time, bremsstrahlung and other radiative processes do not have enough time to add a 
sufficient amount of photons to create a Planckian distribution. The resulting distribution 
is a Bose-Einstein spectrum with a chemical potential, n, that is exponentially attenuated 
at low frequencies, fx = n^e^'^'^''^'^ (where z/f, is the frequency at which Compton scattering of 
photons to higher frequencies is balanced by bremsstrahlung creation at lower frequencies 
Panese fc De Zotti 1982 |). At redshifts smaller than ~ 10^, the Compton scattering rate is 



no longer high enough to produce a Bose-Einstein spectrum. The resulting spectrum has 
an increased brightness temperature in the far Rayleigh- Jeans region due to bremsstrahlung 
emission by relatively hot electrons, a reduced temperature in the middle Rayleigh- Jeans 
region where the photons are depleted by Compton scattering, and a high temperature in 
the Wien region where the Compton-scattered photons have accumulated. 

2. Theory 

2.1. Spectral Distortions 

There are three important distortions, Compton (y), chemical potential (fi) and 
free- free (or bremsstrahlung, Ig). 

2.1.1. Compton Distortion 

Compton scattering (76 7'e') of the background photons by a hot electron gas, 
creates spectral distortions by transferring energy from the electrons to the photons. The 
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Compton scattering distortion is characterized by the u parameter 



u 



'o nieC^ dz' 

where aTne{z')cdt is the number of interactions and {kTe{z') — kT^{z')) / mf.c^ is the mean 
fractional photon-energy change per colhsion [Sunyaev & Zel'dovich 1980]. In the hterature 
it is more common to use y 



as a parameter rather than u. For <^ T^, y ^ u. For ux"^ <^ 1, Danese and DeZotti |1978 
found that 



1 I XG 
ncompton ~ — 7 {l+U 



- 1 



^ -4 



tanhx/2 



(3) 



For a reasonable number of scatterings, but for u (or y) << 1, each photon is randomly 
fractionally shifted in energy according to a distribution which is Gaussian and its energy 
is increased by the factor 1 + u (or 1 + y). Thus a u (or y) corresponds to a convolution of 
Planckian distributions with mean temperature (1 + u)To. 

Compton scattering in effect boosts the photons to a higher frequency. The resulting 
spectrum is characterized by a constant decrement in the Rayleigh- Jeans part of the 
spectrum, 

AT, = 2yT, (4) 

where there are too few photons relative to a blackbody spectrum, and an exponential rise 
in temperature in the Wien region where there are now too many photons. The magnitude 
of the distortion is related to the total energy transfer | |Sunyaev fc Zeldovich 197D|| 



AE 

_ = e^^ - 1 ^ 4y. (5) 

A Compton y distortion is characteristic of a hot plasma (e.g. Te ~ 10^ K) at relatively 
recent epochs, z < 10^, e.g., from a hot intergalactic medium. Compton scattering alters 
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the photon energy distribution while conserving photon number. After many scatterings, 
the system will approach statistical (not thermodynamic) equihbrium, described by the 
Bose-Einstein distribution 



2.1.2. Bose-Einstein or Chemical Potential fj, Distortion 

As u (or y) increases above 1, i.e., after several Compton scatterings, the photons 
and the electrons will have reached statistical equilibrium (as opposed to thermodynamic 
equilibrium) and the photon distribution is a Bose-Einstein distribution with a dimensionless 
chemical potential, /x 

"/^ = e^+/?-l 

where x = hv/kT is the dimensionless frequency and // dimensionless chemical potential is 

MO = 1.4^. (7) 

The chemical potential arises from the fact that the number of photons is conserved 
during Compton scattering, but the average energy per photon increases. 

The equilibrium Bose-Einstein distribution results from the oldest non-equilibrium 
processes (10^ < 2; < 8 x 10^) [|Smoot 1996| , such as the decay of relic particles or primordial 



inhomogeneities. 

Another effect of the hot electrons is Bremsstrahlung (or free-free radiation) 

eZ e'Z'7. 



The electrons radiate as they are retarded or accelerated in collisions with themselves and 
the other constituents of the primordial plasma, e.g., protons. Free-free photons are created 
at low frequencies, and Compton-scattering migrates their energy too slowly, so that they 
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thermalize the spectrum to the electron temperature at low frequencies. Taking this effect 
into account, we have a frequency dependent chemical potential 

fi{x) = /xoe-^^"/^ (8) 

where Xb is the frequency at which Compton scattering of photons to higher frequencies is 
balanced by free-free creation at low frequencies. 

Including the free-free emission as well, the photon occupation number becomes 

n = — 1— e-«'-' + i^^ (9) 

where Yg is the free-free emissivity/absorptivity coefficient defined in equation 0. 

The resulting spectrum is characterized by a sharp drop in brightness temperature 
with a maximum distortion 

AT, ^ QT,n-'^'^ (10) 
occuring at frequency 2xb or wavelength A ~ 13.6fi^^ cm [ Burigana et al. 199 



2.1.3. Free- free Distortion 

For very late energy release {z <^ 10'^), free-free emission can create rather than erase 
spectral distortion in the late universe. Since the Universe is ionized out to a redshift of 
at least 5, the most relevant conditions for a free- free distortion are a relatively recent 
reionization (5 < 2; < 10^) and a warm intergalactic medium. The free-free distortion arises 
because of the lack of Comptonization at recent epochs. 

The effect on the present-day CMB spectrum is described by 

^Tff = T,Yg/x\ (11) 
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where is the undistorted photon temperature, x is the dimensionless frequency, and 
Yff/x^ is the optical depth to free- free emission: 

y ^ r Uz')-T,{z') Sne'h'nlg d^^^, 

Jo Te{z') ?>me{kT^Y ^Q-nrrie kT^ dz' ^ ' 



where h is Planck's constant, n^. is the electron density and g is the Gaunt factor fBartlett 
|& Stebbins 19911 



The free-free spectrum is described by the Ig parameter 
or, taking into account the possibility of high free-free opacity at very low frequencies, 

e-Yff/x2 I _ g--Yff/x2 

= -T-^ + 1 • (14) 



Energy released at different epochs probes different physical conditions in the early 
universe and creates different signatures in the CMB spectrum. Figure |l] shows the current 
spectrum observations and sample spectral distortion characteristic of each mechanism. 
Energy release at recent epochs [z < 1000) will re-ionize the intergalactic medium, which 
then cools through free-free emission. If the gas is hot enough or the release occurs before 
recombination {z < 10^), Compton scattering of CMB photons from hot electrons provides 
the primary cooling mechanism. Early energy release (10^ < z < 10^) from relic decay 
reaches statistical equilibrium, characterized by a chemical potential distortion at long 
wavelengths. 



2.2. The Dipole 



Because the earth orbits the sun, the sun orbits in our galaxy and our galaxy moves 
relative to distant matter, we can have a net velocity with respect to the background 
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radiation. The Doppler effect gives a dipole anisotropy, which, if we convert into 
thermodynamic temperature, measures 3.363 ± 0.0045 mK0 (95% CL) in the direction^ 
(/, 6) = (264.31° ±0.04° ± 0.16° , 48.05° ±0.02° ± 0.09° ), where the first uncertainties 
are statistical and the second are systematic [[Lineweaver et al. 1996|| . It imphes a speed 



of our solar system, again with respect to the background radiation, of 369 ± 1.5 km/s 
(95% CL). Adding this vector to that of the solar system with respect to the Local Group, 
^^Lq.lg = 316 ± 10 km/s (/, b) = (93 ± 4° , -4 ± 4° ) (95% CL) ||Karachentsev fc IVlakarovl 
|1996|| , we find that the Local Group of galaxies is heading, at a speed of 633.9 ± 10 km/s 
(95% CL), towards the Great Attractor located close to the Andromeda constellation, i.e. 
{l,b) = (269° ±4° ,28° ±4° ) (95% CL). 

The Doppler effect change T so that observers with a velocity (3 = v/c through 
a Planckian radiation field of temperature Tq, will measure directionally dependent 
temperatures 

(1 — p cosfe') 

where 6 is the angle between /3 and the direction of observation as measured in the 
observer's frame ||Peebles 1993| . 



An observer in an isotropic photon distribution, n(z/), will measure a fractional 
difference, An/n, between the photons per quantum state received in the direction of 
motion and that received in a direction perpendicular to its motion given to first order in (3 
by: [[l^brman 1970 | 



— = (16) 
n a In z/ 

Thus, we see that dipole anisotropy is frequency dependent and this gives us an opportunity 



■^Result from this work 
^Galactic coordinates 
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to detect or set limits on distortion parameters such as /x, Yg and y. 
To first order in jS, the dipole anisotropy of the CMB intensity is 

Td = T^{i+j3) — Ty 



hu 
T 



\^-Hi+-Y-^p. (17) 



k{l + n) \ nj d Inu 
For a Planckian spectrum, n = l/(e^ — 1), this gives the dipole temperature as 

Td^T(3 [=T^)- (18) 
Inserting the Bose-Einstein spectrum, eq. (|^), into eq. (P!7D, we get 

Similarly, inserting the spectrum with the free- free distortion, eq. (|13|), into eq. (|1^ gives 

Td,Y^ ^ 3T/3^. (20) 
The Bose-Einstein and free-free distortions are plotted in fig. H. 



3. Observations 

We attempted to collect all published data, from Penzias's and Wilson's first 
measurement through the recent ground-breaking COBE FIRAS [[Fixsen et aJ. 1996|1 and 



COBE DMR [ [Lineweaver et al. 1996|| measurements. All observations are used in this 



analysis. The data used can be found in Tables |^ to ^. The data are also plotted in 
Figures |1] and for the temperature measurements and in Figure ^for the dipole amplitude. 
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Fig. 1. — Brightness as a function of frequency of the CMB 

We increased the error estimates of a few of the FIRAS and UBC points at high 
frequencies to account for possible systematic errors, specifically galactic dust emission 
removal. It is these expanded error estimates that are given in Tables ^ and |^. 



4. Method 



We fitted the data through finding the minimum x^. Much of the data were reported 
as individual observations with a combined statistical and systematic error. These could in 
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Fig. 2. — Thermodynamic temperature as a function of frequency of the CMB 

general be treated as independent, uncorrelated data points. However, much of the data 
including some of the most significant came from multiple observations (e.g. FIRAS, UBC, 
LBL) which share common systematics and calibration errors. We accounted for this via 
using a covariance matrix approach in calculation of x^- 

x'^{s-tyM-\s-t). (21) 

Here M is the covariance matrix of the data, s the signal and t the mathematical incarnation 
of our assumtion. 

M = [Random errors] + [Correlated errors] + [Theoretical errors] (22) 
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Fig. 3. — Thermodynamic temperature as a function of frequency of the CMB monopole. 
This is a close-up of Fig. 1 showing the FIRAS measurements. 

Fitting to a theory that is hnear in the parameters is a simple and well developed procedure 
in linear algebra. For those cases where it was appropriate, we made linearized fits. When 
it was not appropriate we did a full non-linear fitting. We ran both approaches on a number 
of cases for comparison of results. 

For the non-linear fitting we found that the Levenberg-Marquardt method worked well. 
We utilized the Levenberg-Marquardt method to iterate to the optimal x^- It combines the 
Steepest Descent and Grid Search methods into an algorithm with a fast convergence. 

Figure ^ and ^ show where the current measurements lie and where the distortions 
might be significant. As can be seen in the figures, the dipole might play a bigger role in 
determining the parameters of the distortions if more measurements were available in the 
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Fig. 4. — CMB dipole thermodynamic temperature as a function of frequency, 
region below 10 GHz. 

4.1. Results 

The results of this work are new limits on the following cosmological parameters: 
To - the thermodynamic temperature of the background radiation 
P - the quotient of the speed of our solar system to the speed of light, c 
Yg - a measure of the effects of Bremsstrahlung, unitless; a.k.a. Jg 
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Table 1: Nonlinear fit of Tq, Yq, /xq, y and (3. = 259 with 201 degrees of freedom. 



^0 = 


2.7356 


± 


0.0037 K 


(95% CL) 




-1.1 X 10-5 


± 


2.3 X 10-5 


(95% CL) 




-3.1 X 10-5 


± 


1.2 X 10-^ 


(95% CL) 


y = 


1.6 X 10-6 


± 


9.6 X 10-6 


(95% CL) 




1.2293 X 10-3 


± 


4.9 X 10-6 


(95% CL) 



Correlation matrix 





To 


Ys 


1^0 


y 


/5 


To 


1.00 


0.01 


0.05 


0.09 


0.27 


Ys 


0.01 


1.00 


-0.27 


-0.18 


0.01 




0.05 


-0.27 


1.00 


0.82 


-0.01 


y 


0.09 


-0.18 


0.82 


1.00 


0.00 




0.27 


0.01 


-0.01 


0.00 


1.00 
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y - a measure of the effects of Compton scattering, unitless 
fiQ - describes the Bose-Einstein distortion, unitless. 



The latter three parameters are explained in section |2.1| . The dipole appears because the 
solar system moves relative to the CMB. 

The most complete fit is a nonlinear simultaneous fit of Tq, Yg, fiQ, y and (3, as shown 
in Table |I|, making use of all data published for the CMB monopole and dipole. The data 
are dominated by the COBE FIRAS ||Fixsen et aJ. 1996|| and the COBE DMR jlineweaver 



et al. 199q] measurements for the monopole and the dipole respectively. 



Table || contains the best-fitted values of Tq, Yq and /xq- That fitting was done using 
both monopole and dipole data with linearized theory (see section |] below). Table |I] includes 
y and /?, as well as the parameters in Table ^ All measurements of the CMB monopole 
are plotted in Figure |I| - background flux versus frequency. Figure Q - temperature versus 
frequency and Figure ^ - a close-up of the most interesting part of Figure ^ The dipole is 
plotted in Figure | - dipole temperature versus frequency. Figure |^ - a close-up of Figure ^ 
and Figure |] - dipole antenna temperature versus frequency. 



5. Analysis of the Cosmic Microwave Background Spectrum 

A novelty of this analysis has been to use the dependence on frequency for the 
distortions of the dipole in the fits. Using the dipole data in the fit only marginally 
improved the fit, however. This is due to the particular frequencies of the dipole 
measurements. Figure ^ shows the current measurements versus frequency and where the 
distortions are significant. As can be seen in Figure ^, the dipole may play a bigger role in 
determining the parameters of the distortions when more measurements, with much greater 
precision or in the region below 10 GHz, become available. Using the dipole does provide 
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Table 2: Linear fit with To, Ys, and y 

To = 2.7356 

Yff = -1.1 X 10-6 

Ho = -3.0 X 10-^ 

y = 1.6 X 10^*^ 

To 

Correlation matrix = Y{{ 

y 



± 0.0038 K (95% CL) 

± 2.3 X 10-5 (95% CL) 

± 1.2 X 10-^ (95% CL) 

± 9.6 X 10-6 (95% CL) 



To 


Iff 




y 


1.00 


0.03 


-0.02 


0.00 


0.03 


1.00 


-0.28 


-0.18 


0.02 


-0.28 


1.00 


0.82 


0.00 


-0.18 


0.82 


1.00 



Table 3: Non-linear fit with Tq, Fg, Ho and y to CMB spectrum monopole. No dipolc data 
included. 

To = 2.7377 ± 0.0038 K (95% CL) 

Yff = -1.1 X 10-5 ± 2.3 X 10-5 (95% CL) 
1^0 = -3.0 X 10-5 ± 1.2 X 10-^ (95% CL) 
y = 1.6 X 10-6 ± 9.6 X 10-^ (95% CL) 

To Iff 1^0 y 

1.00 0.01 0.06 0.09 

0.01 1.00 -0.27 -0.18 

0.06 -0.27 1.00 0.82 

0.09 -0.18 0.82 1.00 



To 

Correlation matrix — Ye 

y 
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an independent check of the spectrum data. 

Figure shows upper hmits (95% CL) on fractional energy (AE/Ecbr) releases as set 
by lack of CMB spectral distortions resulting from processes at different epochs. These can 
be translated into constraints on the mass, lifetime and photon branching ratio of unstable 
relic particles, with some additional dependence on cosmological parameters such as Q]^, 
the baryon number density ||Hu fc Silk 1993|, [Wright et al. 199^ . 



5.1. Some Interpretation of Limits 

The greatest significance of the non-detection of distortions in the CMB spectrum 
is the support it gives to the Hot Big Bang model of cosmology. A blackbody spectrum 
is the natural result of a system in thermal equilibrium; conversely, it is very difficult to 
superpose a set of non-thermal spectra to mimic a blackbody to such tight tolerance over 
so broad a frequency range. Steady-state models generally create a microwave background 
by absorption and subsequent re-emission of starlight by dust. The re-emitted photons are 
then redshifted by the expansion of the universe, so that we observe a superposition of 
"shells" radiating at different epochs. If the dust opacity were independent of frequency, the 
microwave background would be a superposition of thermal spectra redshifted to different 
temperatures, equivalent to a Compton y distortion. The dust opacity can be tailored to 
bring the superposition closer to a blackbody, but the required (very high) opacities at 
millimeter wavelengths conflict with direct observations of high-redshift galaxies at these 
wavelengths jPeebles 1993| p203-6]. 



The same basic arguments rule out "plasma universes" models. 
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5.1.1. Stucture Formation by Explosions 

The lack of spectral distortions has implications for structure formation. Explosive 
models of structure formation provide a simple way to sweep (baryonic) matter out of the 
observed voids. The resulting shocks, however, heat the baryons and distort the CMB 
spectrum. Upper limits on a Compton y distortion limit the maximum size of explosive 
voids to -Rvoid < 2 Mpc, much smaller than the observed voids |p!jevin et al. 1992( . 



5.1.2. Temperature of the Ionization of the Intergalactic Medium 

The good agreement with a blackbody spectrum also tells us something about the 
intergalactic medium (IGM). A hot (Tg > 10^ K) IGM would provide the high ionization 
inferred by the lack of a Gunn-Peterson absorption trough in the spectra of high-redshift 
quasars. Thermal bremsstrahlung from the hot gas would provide a natural source for the 
observed diffuse X-ray background. However, a column density large enough to explain the 
X-ray background would create an observable Compton y distortion in the CMB spectrum. 
Upper limits on the y parameter limit the filling factor of hot gas to less than 10~^: the 
diffuse IGM is not very hot, and the X-ray background must come from discrete (collapsed) 



sources [[Wright et al. 199^ . 



5.1.3. Limits on Particle Decay 

Exotic particle decay provides another source for non-zero chemical potential. Particle 
physics provides a number of dark matter candidates, including massive neutrinos, photinos, 
axions, or other weakly interacting massive particles (WIMPs). In most of these models, the 
current dark matter consists of the lightest stable member of a family of related particles, 
produced by pair creation in the early universe. Decay of the heavier, unstable members to 
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a photon or charged particle branch will distort the CMB spectrum provided the particle 
lifetime is greater than a year. Rare decays of quasi-stable particles (e.g., a small branching 
ratio for massive neutrino decay z/heavy ^Ught + 7) provide a continuous energy input, 
also distorting the CMB spectrum. The size and wavelength of the CMB distortion are 
dependent upon the decay mass difference, branching ratio, and lifetime. Stringent limits 
on the energy released by exotic particle decay provides an important input to high-energy 
theories including supersymmetry and neutrino physics [[Ellis et al. 1992|. 



5.1.4- Limits on Antimatter-matter mixing 

In baryon symmetric cosmologies matter-antimatter annihilations give rise to excessive 
distortions of the CMB spectrum jJones fc Steigman 1978| . 



5.1.5. Limits on Primordial Black Hole Evaporation 

Only a very small fraction, / = Mpianck/M, of matter can have formed black holes in 
the mass range 10^^ < M < 10^'^ gm otherwise their evaporation in the epoch preceding 
recombination would have resulted in excessive distortions. For smaller blackholes the 
limit is much weaker, since for M < 10^^ gm, evaporation would have taken place during 
the epoch when the photon spectrum would be completely thermalized. The constraints 
follow from the condition that no more than all the entropy in the universe can come from 
blackhole evaporation so that / < 10^ Mpianck / M . 
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5.1.6. Limits on Superconducting Cosmic Strings 

If they are to play an important role in large-scale structure formation, superconducting 
cosmic strings would be significant energy sources, keeping the Universe ionized well past 
standard recombination. As a result, the energy input distorts the spectrum of the CMB by 
the Sunyaev-Zel'dovich effect. The Compton-y parameter attains a maximum value in the 



range of (1 — 5) x 10 ^ [Pstriker fc Thompson 1987||. This is well above the observed value. 



5.1.7. Limits on Varying Fundamental Constants 

Noerdlinger [1973] pointed out that the intensity of the Rayleigh- Jeans portion of the 
CMB spectrum gives the present values of kT, independently of the value of the Planck 
constant, /i, while the wavelength at which the spectrum peaks gives kT in combination 
with h. That the two temperatures agree within errors imply that the variation of h 
must not have exceeded a few per cent since recombination {z ~ 1000). Likewise a wide 
variety of G-varying cosmologies predict that the CMB spectrum will follow the standard 
Planckian formula multiplied by an epoch-dependent factor, which, in turn, is related to 
G{t) [[Narlikar fc Rana 1980|| . The agreement between the brightness temperature in the 
Rayleigh- Jeans region and the temperature determined by the peak location constrain the 
possible variation in the gravitational constant G. Likewise one can obtain limits on the 
variation in the cosmological constant (energy density of the vacuum) fPollock 1973|| . The 



shape of the spectrum also constrains the number of large spatial dimension (taking into 
account the possibility of fractal dimensions) to very nearly three (±0.02). 
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5.1.8. Limits on Tachyon Coupling Constant 

The existence of particles with space-hke four-momenta ("tachyons") would make it 
kinematically possible for a photon to decay into a pair of tachyons. If tachyons have any 
electromagnetic coupling, photons should have finite lifetimes. Lorentz invariance dictates 
that the laboratory lifetime of a particle scales in proportion to its observed energy (7). 
The temperature of the CMB does not vary by more than 1% over the range of wavelengths 
from 0.05 to 1 cm. 

Assuming, as would be expected, that the radiation was in thermal equilibrium when 
last scattered at a redshift of about 1100, the absence of spectral distortions, which would 
result from the differential (with energy) photon decay rates acting over time, argues that 
the lifetime of microwave photons must be ^ 40 Hubble times. (Note that the photons 
begin with energies a thousand times higher than they currently have and thus the effective 
time for decay is about 40% of the Hubble time.) 



This argument [[Shapiro 1991|| sets a more stringent upper limit on the coupling of 



tachyons to photons than has previously been reported Paltay et al. 1970[ . 



5.1.9. Limits on Photon Mass/Oscillations/Paraphotons 

Georgi, Ginsparg, & Glashow (1983) and Okun (1982) hypothesized the exisitence of a 
second species of photon whose coupling could produce photon masses and photon species 
oscillation. The oscillations of photon identity are entirely analogous to the much-discussed 
neutrino oscillations. Though the photon mass would have to be much lower than current 
experimental limits (m^ < 6 x 10~^^ eV at 99.7% CL), Georgi et al. showed that a 
photon mass at the = 5 x 10^^*^ eV c^^ could produce distortions much beyond what is 
now allowed by the CMB spectrum observations. 
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The second species of photon would have a very weak interaction with matter and 
therefore not have been detected thus far. This new species of photon would have decoupled 
much earlier in the big bang and have a lower temperature than the detected CMB, since its 
decoupling would occur earlier. The intensity of the interacting/oscillating photon species 
is given by 

Hiy) = lBB{iy, Ti) + [lBB{iy, T2) - lBB{iy, Ti)]stn^{2<f))stn^{nuo/u) (23) 

where Ibb is the standard blackbody Planckian spectrum, and Ti and T2 are 
the temperature of the two photon species, (p is the mixing phase angle, and 
I/O = 3Am2cV/407r2;i2 = 8.2875A(m^cVlO-i^ eV)^ GHz for r = 1.5 x 10^° years 
for the age of the Universe (and thus the travel time for the photons). 

This manifests itself as an oscillation with frequency of the observed CMB intensity or 
temperature. 

This oscillation is very enhanced in the dipole amplitude and could even change the 
sign of the dipole as the dipole amplitude is related to the derivative of the intensity with 
respect to frequency and there is a one over frequency {u) in the intensity oscillations. 



An = ^f-^i^ + W(20) 
z/ V(e^'i - 1)2 ^ 



0:26^2 r|^^f^xl \ ^ TTiyQ. ,1 1 , , ,27ri/o,7T 

stn (— ) + (— - — -)sm(— )- 



An / X\e 



— ^(3i^^ + stn\2<j>) 
n Ve^i — 1 



Xie^^ X2e^^ \ . o,T!'i^o. — . 2711/0 tiuq 



sin^i ) sin[ 



e^i - 1 e^2 - 1 / V - 1 v v 



(25) 



Figures ^ and |^ show the spectral monopole and dipole distortion for the effect of 
such an oscillation with the parameters: sin^{2(f)) = 0.35, Ti = 2.74 K, T2 = 2 K, and 
Am^c^ = 1 X 10'^^ eV and Am^c^ = 0.25 x 10"^^ eV . 



Figure ID shows a contour plot of the (chi-squared) in the sirP2(j) versus Am^ plane 
of the two-photon oscillating model as fitted to the data. This plot has minimized for 
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the other parameters: Tcmb, 13, and the temperature of the second photon constrained to 
be between 0.9 and 2.0 K. In addition to having a very large region ruled out, there is a 
clear minimum in the roughly Am^ = (0.25 x 10~^^eV/c^)^ and sm^(2</)) = 0.35 in 

the all data plot. As can be seen in Figure ^ the minimum is due essentially to a limited 
set of the low frequency temperature data which are slightly lower than the average. Such 
a low photon mass difference produces a lowering of the predicted temperature at these 
lower frequencies. Other than the minimum in x^, there is little evidence here by the data 
tracing out the expected form for photon oscillations. Thus while suggestive, we regard the 
results thus far as an upper limit set at a slightly higher than normal and await future 
measurements. 

Note that going from Am^ = (0.25 x lO^^'^eV/c^)^ to Am^ = (1 x lO^^^eV/c^)^ moves 
the frequency of the oscillations/effect upwards by a factor or 16 and is easily ruled out by 
both the temperature and dipole amplitude data. Also know the potential power of low 
frequency dipole amplitude measurements for discriminating photon oscillations. 



5.2. Lower Limits on the Distortions 

Observations show that the universe is ionized IIHaiman & Loeb 199711. The ionized 



intergalactic medium creates bremsstrahlung and sets a lower limit on the free-free 
distortion to 1% ~ 2 x 10^^. This results in an added temperature of ATg > 0.15 mK at 2 
GHz (as low as one might reasonably go in frequency, due to synchrotron emision from the 
galaxy). This result only takes into account the observed baryons. The actual distortion is 
bigger, because this limit did not include bremsstrahlung that may have occured at earlier 
epochs. 

A lower limit on the Compton distortion is obtained from measurements of the 
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Sunyaev-Zeldovich effect [ Sunyaev fc Zeldovich 1970 ], The SZ effect is due to hot ionized 
plasma component of galactic clusters. This plasma creates a y for paths that go through 
the cores of galactic clusters. Ionized gases in these potential wells Compton-scatter the 
passing photons. Integrating over the full sky, y is of the order of 10~® ||Colafrancesco et~a7 



1997 



Density fluctuations in the early universe oscillate as acoustic waves and are damped by 



photon diffusion [pilk 1968|| . The energy dissipated in this manner is added to the radiation 
field and gives rise to a non-zero chemical potential. Depending on the nature of the density 
fluctuations, will lie between 2 x 10~^ and a few times 10~^ fDaly 19^, pdu et al. 1994| . 



6. Future Experiments 

Even though no significant distortions to the CMB spectrum have been detected and 
since many of the distortions predicted and required by known effects are not much below 
current limits, it is worth considering if future experiments will detect them. There are two 
hinderances: (1) the current limits, especially those set by COBE FIRAS, are quite good 
and (2) there is currently a limited effort in spectrum observations in part due to (1) and 
to the high interest in CMB anisotropy and due to a lack of appreciation that the spectral 
distortions are there to detect. 

Since the distortions are frequency dependent an absence of them at millimeter 
and sub-mm wavelengths does not imply correspondingly small distortions at centimeter 
wavelengths. A better understanding of Galactic emissions, especially at longer wavelengths, 
would help produce tighter limits on the distortion parameters. It would be difficult to 
improve on the COBE measurements without getting above the atmosphere. There are, 
nevertheless, proposals for new experiments that will measure the CMB. 
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ARCADE (Absolute Radiometer for Cosmology, Astrophysics, and Diffuse Emission) is 
a balloon-borne instrument designed to make measurements in the middle of the spectrum. 
The first flight will have two channels at 10 and 30 GHz. Later incarnations will measure 
the spectrum at 2, 4, 6, 10, 30 and 90 GHz. 

The anticipated measurement sensitivity is 1 mK from a balloon, limited by the ability 
to estimate/measure emissions from the atmosphere, balloon, flight train, and Earth. 
ARCADE is also a hardware development project for the proposed eventual space mission, 
DIMES. 

The Diffuse Microwave Emission Survey (DIMES) has been selected for a mission 
concept study for NASA's New Mission Concepts for Astrophysics program fKogut 1996| , 



http: / /ceylon. gsfc.nasa.gov/DIMES/index. htm] ]. DIMES will measure the frequency 



spectrum of the cosmic microwave background and diffuse Galactic foregrounds at 
centimeter wavelengths to 0.1% precision (0.1 mK). Note that this should detect the 
free-free distortion, the lower limit of which was mentioned in section |5.2| . The FIRAS 
measurement at sub-mm wavelengths shows no evidence for Compton heating from a hot 
IGM (Inter-Galactic Medium). Since the Compton parameter y oc rigTe, the IGM at high 
redshift must not be very hot (Tg ~ 10^ K) or reionization must occur relatively recently 
(-^ion < 10). DIMES will provide a definitive test of these alternatives. Since the free-free 
distortion oc ng/v^, lowering the electron temperature increases the spectral distortion 
[ Bartlett fc Stebbins 199T|] . Figure |TT] shows the limit to Zion that could be established 



from the combined DIMES and FIRAS spectra, as a function of the DIMES sensitivity. 
A spectral measurement at centimeter wavelengths with 0.1 mK precision can detect the 
free-free signature from the ionized IGM, allowing direct detection of the onset of hydrogen 
burning. 

ESA's Planck Surveyor mission to map CMB anisotropy is capable of measuring the 



-27- 



CMB dipole with sufficient accuracy to provide limits at about the current level provided 
by COBE FIRAS + DMR in a very independent manner. This would provide a significant 
cross-check of these results and perhaps a small improvement in net results. It will require 
dedicated missions such as DIMES to make a really significant improvement. 



7. Summary 

None of the distortions, Yg or /i, are larger than the current errors in measurement 
for the monopole and dipole CMB spectra. The monopole CMB spectrum is very close to 
a blackbody spectrum. This is strong evidence of the validity of the hot Big Bang model 
Smoot 199611 because there are roughly 10^ photons to each baryon in the universe, and 



it would be extremely difficult to produce the CMB in astrophysical processes such as 
the absorption and re-emission of starlight by cold dust, or the absorption or emission by 
plasmas, and still produce such a precise black body spectrum. 

The dipole data did not significantly improve on the errors, but were consistent with 
and an independent check of the monopole data. Future measurements of the dipole could 
potentially contribute to tightening the limits or detecting distortions. The Planck Surveyor 
measurements of the dipole could, in principle, determine the distortions to approximately 
the same precision as the monopole measurements do now. Very substantial progress that 
would surely detect the predicted distortions and provide us with new information on the 
thermal history of the Universe will require a significant dedicated mission. 
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Fig. 5. — Antenna temperature for the CMB dipole with distortions versus frequency. 
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Fig. 6. — CMB dipole thermodynamic temperature as a function of frequency. This is a 
close-up of Fig. 5 Note the position and small errors of the COBE/DMR measurements 
(circles) compared to COBE/FIRAS (squares) and other measurements (diamonds). 
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Fig. 9. — Dipole amplitude in thermodynamic temperature as a function of frequency 
of the CMB for all measurements along with a plot of two photon oscillations with 
Am'i = (1 X 10-i8eV/c2)2, Am^ = (0.25 x IQ-^^eV/c^, sin\2(f)) = 0.35 and = 2.0 K. 
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Fig. 10. — Contour plot of on a plane of sin^(20) versus Am^ which is marginalized over 
the other parameters. The is for all measurements - temperature and dipole anisotropy 
amplitude. 
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Fig. 11. — Current 95% confidence upper limits to distorted CMB spectra appear as dashed 
lines. The FIRAS data and DIMES 0.1 mK error box are also shown; error bars from existing 
cm- wavelength measurements are larger than the figure height. 
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Table 4: All dipole data used in the fits. Coordinates are galactic. 





-rVllipil I UClt^ 


1 /^"nrriTn/Ho 


iJcilllU.U.t; 






[mK] 


1 [deg] 


b [deg] 


[GHz] 


Penzias & Wilson (1965) 


<270 






4 


Partridge & Wilkinson (1967) 


0.8 ± 2.2 






9 


Wilkinson Ki Partridere f 19691 


1.1 ± 1.6 






9 


Conklin fl969) 


1.6 ± 0.8 


96 =b 30 


85 ± 30 


8 


Bouehn et ai fl971) 

J — /vy ^_4.>-^xxxx \_x L/ CAfX • I _j_ \j 1 -1- f 


7.6 ± 11.6 






37 


Henrv (1971) 


3.3 ± 0.7 


270 ± 30 


24 ± 25 


10 


Conklin (1972) 


>2.28 ± 0.92 


195 ± 30 


66 ± 10 


8 


Corey & Wilkinson (1976) 


2.4 ± 0.6 


306 ± 28 


38 ± 20 


19 


Muehler fl976) 

X V J_ LAV^XXX V-.'X \ _L kJ 1 \J J 


2.0 ± 1.8 


207 


-11 


150 


Smoot et al fl977) 


3.5 ± 0.6 


248 ± 15 


56 ± 10 


33 


Corev fl978) 

* — v^x y \ x^ 1 / 


3.0 ± 0.7 


288 ± 26 


43 ± 19 


19 


Corenstein (1978i 

V — \ v_yx xxkj u v_^x XX \ x^ t 1 / 


3 60 ± 5 


229 ± 11 


67 ± 8 


33 


Chene et ai fl979) 

Vw^xxvjxxck \^ u ciix . y 1-' 1 / 


2 99 ± 34 


287 ± 9 


61 ± 6 


30 


Smoot & Lubin fl979') 


3.1 ± 0.4 


250 6 ± 9 


63.2 ± 6 


33 


Fabbri et al (1980) 


2 9 ± 95 


256 7 ± 13 8 


57.4 ± 7.7 


300 


Boughn et aJ. (1981) 


3.78 ± 0.30 


275.4 ± 3.9 


46.8 ± 4.5 


46 


Cheng (1983) 


3.8 ± 0.3 






30 


Fixsen et ai (1983) 


3 18 ± 17 


265 7 ± 3 


47.3 ± 1.5 


25 


Lubin (1983) 


3.4 ± 0.2 






90 


Strukov et ai. (1984) 


2.4 ± 0.5 






67 


Lubin et ai f 1985) 

J— J i-V Px^xxx u Ot/X * \ x^ f_y ^ J 


3.44 ± 0.17 


264.3 ± 1.9 


49.2 ± 1.3 


90 


Cottineham fl987) 

V y v_/ u uxxx c^xxc^xxx I _i_ '.y *^ i / 


3 52 ± 08 


272.2 ± 2.3 


49.9 ± 1.5 


19 


Strukov et ai (1987) 


3 16 ± 07 


266.4 ± 2.3 


48.5 ± 1.6 


67 


Haluern et ai ( 1988) 


3.4 ± 0.42 


289.5 ± 4.1 


38.4 ± 4.8 


150 


Meyer et ai. (1991) 


± 


249.9 ± 4.5 


47.7 ± 3.0 


170 


Smoot et ai. (1991) 


3.3 ± 0.1 


265 ± 1 


48 ± 1 


53 


Smoot et ai. (1992) 


3.36 ± 0.1 


264.7 ± 0.8 


48.2 ± 0.5 


53 


Ganga et ai. (1993) 


± 


267.0 ± 1.0 


49.0 ± 0.7 


170 


Kogut et ai. (1993) 


3.365 ± 0.027 


264.4 ± 0.3 


48.4 ± 0.5 


53 


Fixsen et ai. (1994) 


3.347 ± 0.008 


265.6 ± 0.75 


48.3 zb 0.5 


300 


Bennett et ai. (1994) 


3.363 ± 0.024 


264.4 ± 0.2 


48.1 ± 0.4 


53 


Bennett et ai. (1996) 


3.353 ± 0.024 


264.26± 0.33 


48.22 ± 0.13 


53 


Fixsen et ai. (1996) 


3.372 ± 0.005 


264.14± 0.17 


48.26 ± 0.16 


300 


Lineweaver et ai. (1996) 


3.358 ± 0.023 


264.31± 0.17 


48.05 ± 0.10 


53 



-41 - 



Table 5: Measurements of Tcmb 



Frequency Wavelength Temperature Type 
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(CLC) Mandolesi et al. 1986, Ap.J., 310, 561. 

(CLC) Kogut et al. 1988, Ap.J., 355, 102 

(CLC) Levin et al. 1992, Ap.J., 396, 3 

(Term) Roh & Wilkinson 1966, Phys. Rev. Lett., 16, 405. 

(CLC) Stokes et al. 1967, Phys. Rev. Lett., 19, 1199. 

(CLC) Kogut et al. 1990, Ap.J., 355, 102. 

(LHe) Staggs et al. 1996, Ap.J., 473, LI 

(CLC) Stokes et al. 1967, Phys. Rev. Lett., 19, 1199. 

(CLC) Welch et al. 1967, Phys. Rev. Lett, 18, 1068. 

Johnson & Wilkinson 1987, Ap.J. Lett, 313, LI. 
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Table 5: Measurements of Tcmb continued 



Frequency Wavelength Temperature Type 



(GHz) 

31.5 
32.5 
33.0 
35.0 
37 
53 
83.8 
90 
90 
90 
90 
90 
90 
90.3 
113.6 
113.6 
113.6 
113.6 
113.6 
113.6 
113.6 
113.6 
154.8 
195.0 
227.3 
227.3 
227.3 
227.3 
227.3 
266.4 
See Tab. 
300 



(cm) 

0.95 
0.924 
0.909 
0.856 

0.82 

0.57 
0.358 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 
0.332 
0.264 
0.264 
0.264 
0.264 
0.264 
0.264 
0.264 
0.264 
0.194 
0.154 
0.132 
0.132 
0.132 
0.132 
0.132 
0.113 
See Tab. | 

0.1 



(K) 

2.83 ± 0.07 
3.16 ±0.26 
2.81 ±0.12 



2.56: 



-0.17 
-0.22 



2.9 ±0.7 
2.71 ±0.03 
2.4 ±0.7 



2.46 



-1-0.40 
-0.44 



2.61 ±0.25 
2.48 ±0.54 
2.60 ± 0.09 
2.712 ± 0.020 
2.72 ± 0.04 

< 2.97 
2.70 ± 0.04 

2.74 ± 0.05 
2.76 ± 0.07 

2.75 ± 0.04 
2.834 ± 0.085 
2.807 ± 0.025 

9 97Q+0-023 
^•^'^-0.031 

< 3.02 

< 2.91 
2.656 ±0.057 

2.76 ±0.20 



2.75: 



-0.24 



-■-0.29 

2.83 ± 0.09 
2.832 ± 0.072 

< 2.88 
2.728 ± 0.002 
2.736 ± 0.017 



COBE/DMR 
Ground (CLC) 
Ground (CLC) 
Ground (CLC) 
Ground (LN) 
COBE/DMR 
Ground (LN) 
Ground (CLC) 
Ground (CLC) 
Plane (Term) 
Ground (CLC) 
Ground (CLC) 
COBE/DMR 
Balloon 
CN (z Per) 
CN (z Oph) 
CN (HD 21483) 
CN (z Oph) 
CN (z Per) 
CN (HD 154368) 
CN (16 stars) 
CN (5 stars) 
Balloon 
Balloon 
CN (5 stars) 
CN (z Per) 
CN (z Oph) 
CN (HD 21483) 
CN (HD 154368) 
Balloon 
COBE/FIRAS 
Rocket 
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Table 6: FIRAS Data; Ib'ixsen et al. 199(i| 



quency 


Temperature 


Upper Error 


Lower Error 


GHz 


K 


K 


K 


68.1 


2.72804 


.00011 


.00011 


81.5 


2.72805 


.00011 


.00011 


95.3 


2.72807 


.00011 


.00011 


108.8 


2.72801 


.00009 


.00009 


122.3 


2.72806 


.00007 


.00007 


136.1 


2.72792 


.00006 


.00006 


149.6 


2.72792 


.00005 


.00005 


163.4 


2.72798 


.00004 


.00004 


176.9 


2.72807 


.00004 


.00004 


190.4 


2.72801 


.00003 


.00003 


204.2 


2.72800 


.00003 


.00003 


217.6 


2.72803 


.00002 


.00002 


231.1 


2.72795 


.00002 


.00002 


244.9 


2.72802 


.00002 


.00002 


258.4 


2.72802 


.00002 


.00002 


272.2 


2.72795 


.00003 


.00003 


285.7 


2.72802 


.00003 


.00003 


299.2 


2.72803 


.00004 


.00004 


313.0 


2.72803 


.00005 


.00005 


326.5 


2.72792 


.00006 


.00006 


340.0 


2.72786 


.00007 


.00007 


353.8 


2.72820 


.00008 


.00008 


367.2 


2.72802 


.00008 


.00008 
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Table 6: FIRAS Data; IFixsen et al. 19961 - continued 



iquency 


Temperature 


Upper Error 


Lower Error 


GHz 


K 


K 


K 


381.0 


2.72798 


.00009 


.00009 


394.5 


2.72803 


.00010 


.00010 


408.0 


2.72792 


.00010 


.00010 


421.8 


2.72803 


.00011 


.00011 


435.3 


2.72816 


.00012 


.00012 


448.8 


2.72792 


.00013 


.00013 


462.6 


2.72785 


.00015 


.00015 


476.1 


2.72807 


.00019 


.00019 


489.9 


2.72807 


.00023 


.00023 


503.4 


2.72816 


.00030 


.00030 


516.8 


2.72757 


.00037 


.00037 


530.6 


2.72809 


.00045 


.00045 


544.1 


2.72845 


.00055 


.00055 


557.9 


2.72748 


.00066 


.00066 


571.4 


2.72786 


.00080 


.00080 


584.9 


2.72821 


.00108 


.00108 


598.7 


2.72880 


.00168 


.00168 


612.2 


2.73002 


.00311 


.00311 


625.7 


2.72316 


.00652 


.00652 


639.5 


2.70634 


.01468 


.01468 
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Table 7: UBC COBRA Rocket Data; |Gush et al. IWU 

Frequency Temperature Upper Error Lower Error 





IV 




IV 


P. 

04.0 


9 78Q 

Z. ( oy 


1 nn 

. iUU 


1 nn 

. iUU 


Do. i 


9 fi/18 
Z.04o 


1 nn 

. iUU 


1 nn 

. iUU 


oi.o 


Z.004 


1 nn 

. iUU 


1 nn 

. iUU 


yo.o 


9 7'?7 
Z. ( o ( 


ni n 


ni n 

.UiU 


1 nQ 1 


9 71 8 
Z. ( io 


ni n 

.UiU 


ni n 

.UiU 




9 79/1 
Z. ( Z4 


ni n 

.UiU 


ni n 

.UiU 


1 'if^ /I 
loo. 4 


9 7C^Q 
Z. ( OO 


ni n 

.UiU 


ni n 

.UiU 


1 /IQ Q 


Z. ( OO 


ni n 

.UiU 


ni n 

.UiU 


1 (^Q 7 

iDo. ( 


9 79/1 
Z. ( Z4 


ni n 

.UiU 


ni n 

.UiU 


1 77 9 


Z. ( OO 


ni n 

.UiU 


ni n 

.UiU 


1 Q1 n 
ly i.u 


9 7Q1 
Z. ( oi 


ni n 

.UiU 


ni n 

.UiU 


90/1 
ZU4.0 


9 79 
Z. ( ZO 


ni n 

.UiU 


ni n 

.UiU 


918 9 


9 7'?/1 
Z. ( 04 


ni n 

.UiU 


ni n 

.UiU 


9'?1 7 


9 7'?7 
Z. ( O ( 


ni n 

.UiU 


ni n 

.UiU 


245.5 


2.735 


.010 


.010 


259.0 


2.733 


.010 


.010 


272.8 


2.733 


.010 


.010 


286.3 


2.735 


.010 


.010 


300.1 


2.735 


.010 


.010 


313.6 


2.742 


.010 


.010 


327.4 


2.754 


.010 


.010 


340.9 


2.743 


.010 


.010 
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Table 7: UBC COBRA Rocket Data; |Gush et al. T990| - continued 



Frequency Temperature Upper Error Lower Error 



V 1 1 1 / 




j\ 


iV 


O04. ( 


Z. ( 04 


m n 


ni n 

.UiU 


oOo. i 


Z. ( Oi 


m n 

.UiU 


ni n 

.UiU 




Z. ( OZ 


m n 

.UiU 


ni n 

.UiU 


QQc; /I 
oyo.4 


9 7'?Q 

z. ( oy 


m n 

.UiU 


ni n 

.UiU 


/IDQ 9 


9 7C^9 
Z. ( OZ 


m n 

.UiU 


ni n 

.UiU 


/lOO 7 
4ZZ. ( 


9 779 
Z. ( ( Z 


.UiU 


ni n 

.UiU 


4OU.0 


9 7/17 
Z. ( 4 ( 


.UiU 


ni n 

.UiU 


/I c;n n 

40U.U 


9 7c;c; 

Z. ( 00 


ni n 

.UiU 


ni n 

.UiU 


463.8 


2.762 


.010 


.010 


477.3 


2.686 


.100 


.100 


491.1 


2.637 


.100 


.100 


504.6 


2.683 


.100 


.100 


518.3 


2.732 


.100 


.100 


531.8 


2.713 


.100 


.100 


545.6 


2.719 


.100 


.100 


559.1 


2.743 


.100 


.100 


572.9 


2.717 


.100 


.100 


586.4 


2.723 


.100 


.100 
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Table 8: All CMB measurements except FIRAS and UBC COBRA 



Frequency Temperature Upper Error Lower Error 



GHz 


K 


K 


K 


0.408 


3.700 


1.200 


1.200 


0.600 


3.000 


1.200 


1.200 


0.610 


3.700 


1.200 


1.200 


0.635 


3.000 


.500 


.500 


0.820 


2.700 


1.600 


1.600 


1.000 


2.500 


.300 


.300 


1.400 


2.110 


.380 


.380 


1.420 


3.200 


1.000 


1.000 


1.430 


2.650 


.330 


.300 


1.440 


2.500 


.300 


.300 


1.450 


2.800 


.600 


.600 


1.470 


2.266 


.190 


.190 


2.000 


2.500 


.300 


.300 


2.000 


2.550 


.140 


.140 


2.300 


2.660 


.770 


.770 


2.500 


2.710 


.210 


.210 


3.800 


2.640 


.060 


.060 


4.080 


3.500 


1.000 


1.000 


4.750 


2.700 


.070 


.070 


7.500 


2.640 


.060 


.060 


9.400 


3.000 


.500 


.500 


9.400 


2.690 


.160 


.210 


10.000 


2.620 


.060 


.060 


10.700 


2.730 


.014 


.014 


19.000 


2.780 


.120 


.170 


20.000 


2.000 


.400 


.400 


24.800 


2.783 


.025 


.025 


31.500 


2.830 


.070 


.070 
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Table 8: All CMB measurements except FIRAS and UBC COBRA - continued 



Frequency Temperature Upper Error Lower Error 



GHz 


K 


K 


K 


32 500 


3.160 


.260 


.260 


33 000 


2.810 


.120 


.120 


35 000 


2.560 


.170 


.220 


37.000 


2.900 


.700 


.700 


53 000 


2.710 


.030 


.030 


83 800 


2.400 


.700 


.700 


90 000 


2.460 


.400 


.440 


90 000 


2.610 


.250 


.250 


90 000 


2.480 


.540 


.540 


90 000 


2.600 


.090 


.090 


90 000 


2.712 


.020 


.020 


90 000 


2.720 


.040 


.040 


90 300 


< 2.97 






i iO.OUU 


z. / UU 


n/in 
.U4U 


.U4U 


113.600 


2.740 


.050 


.050 


113.600 


2.760 


.070 


.070 


113.600 


2.796 


.014 


.039 


113.600 


2.750 


.040 


.040 


113.600 


2.834 


.085 


.085 


113.600 


2.807 


.025 


.025 


113.600 


2.729 


.023 


.031 


227.300 


2.760 


.200 


.200 


227.300 


2.750 


.240 


.290 


227.300 


2.830 


.090 


.090 


227.300 


2.832 


.072 


.072 


227.300 


2.656 


.057 


.057 


266.400 


2.88 


1.0 


1.0 



